Single-stripe diode-laser-pumped operation of a continuous-wave 946-nm Nd:YAG laser with less than 10-mW threshold has been demonstrated.
ground state. A way to overcome these difficulties is to confine the pump beam and the laser mode in a Nddoped single-mode glass fiber to achieve high pump densities and gain.1 2 Alternatively, we recently demonstrated through modeling and experiment that diode-laser pumping of the 946-nm transition in Nd:YAG in a bulk device at room temperature is possible.
3 - 5 We also proposed second-harmonic generation (SHG) of this source to generate coherent blue radiation in an all-solid-state device 4 vented operation at 946 nm in a room-temperature, end-pumped Nd:YAG laser.1 5 We have shown that when proper design is used, parasitic oscillation in cw operation is not a problem. 4 The lower laser level population, 0.0074 of the dopant concentration at 300 K, leads to an increase in threshold. The increase in threshold can be viewed in either of two equivalent ways. Either the laser must have enough gain to overcome reabsorption at the laser wavelength in addition to the other cavity losses or additional pump power is needed just to reach population inversion. Modeling of quasi-three-level laser transitions showed that thresholds of less than 10 mW at 300 K are possible under diode pumping. 4 - Figure 1 shows our experimental apparatus. The output of a single-stripe diode laser operating at 808.5 nm is combined with the output of a R6G dye laser at 588 nm with part of the diode-laser beam sent to a monochromator to allow its wavelength to be monitored. The beams pass through a polarizer and a Fresnel rhomb to provide isolation against feedback for the diode laser. The beams are focused to spots with slightly less than '20-,um radii in the Nd:YAG rod by a 4-cm focal-length lens. The YAG rod is doped with nominally 1% Nd and is -0.13 cm long with 1-cm radius-of-curvature faces polished on the ends. One face is coated with a higher reflector (HR) at 946 nm and the other with an antireflection coating at 946 nm. For this rod length, 87% of the incident power at 588 nm and 67% at 808.5 nm is absorbed.
The output coupler located approximately 5 cm from the rod has a 5-cm radius of curvature and is either a HR or a 99% reflector at 946 nm with greater than 60% transmission at 1.064 gim. Gaussian beam radii for the TEMOO mode of slightly less than 20 gim in the Nd:YAG are achieved in this cavity. Figure 2 (a) shows the output at 946 nm for 1% output coupling under R6G dye-laser pumping at 588 nm.
The slope efficiency well above threshold of 24% is substantially higher than that demonstrated previously 4 because of increased output coupling and lower losses other than output coupling. The absorbed pump power threshold of 8.1 mW is in agreement with the calculated value of 7.9 mW assuming 20-gm-radii pump and cavity modes and 1% round-trip losses. Figure 2(b) shows the results for diode-laser pumping for both HR and 1% output couplers. The thresholds of 3.9 and 6.6 mW are again in good agreement with the calculated values of 3.0 and 5.7 mW for the HR and 1% output couplers. The slope efficiencies near threshold are 4% for the HR and 16% for the 1% transmission mirrors.
While one would expect the slope efficiency for diode pumping to be 1.4 times larger than that under dye-laser pumping because of a smaller quantum defect, this is not the case because we are comparing slope efficiency barely above threshold under diodelaser pumping with that well above threshold under dye-laser pumping. A better comparison is the relative outputs near threshold since it has been shown that near threshold the slope efficiency is lower than at well above threshold, 16 especially in lasers with a populated lower laser level 4 where the reabsorption that is due to this population appears as a real loss near threshold. The slope efficiency near threshold is dependent on the amount of reabsorption loss due to the lower laser level population 4 and on the tightness of focus of the pump beam1 6 with higher slope efficiencies for tighter focus and less reabsorption loss. 4 The output under diode-laser pumping rises at least 1.1 times faster than that under R6G dye-laser pumping near threshold. The threshold numbers indicate that the dye-laser pump is focused tighter than the diodelaser pump, so it appears that the only difference between R6G dye and diode-laser pumping is the quantum defect. If this is the case, the slope efficiency well above threshold should approach 34% under diodelaser pumping based on the 24% slope efficiency under R6G dye-laser pumping.
We have analyzed a number of nonlinear materials for SHG of the 946-nm light. Efficient SHG of continuous-wave 946-nm radiation is more difficult than at 1.06 gm because a number of crystals with relatively high nonlinearity at 1.06 gm cannot be used for 946-nm SHG. KTiOPO 4 (KTP) has high effective nonlinearity at 1.06 gim but low nonlinearity at 946 nm because Type I instead of Type II phase matching must be used.' 7 Ba 2 NaNb 5 O 1 5 does not have enough birefringence to phase match at 946 nm. Regular LiNbO 3 does not phase match for 946 nm, but Li-diffused stoichiometric LiNbO 3 phase matches at -37 0 C for doubling 954 nm and may phase match 946 nm at lower temperatures.1 8 Thus it is important to evaluate materials appropriate for 946-nm SHG.
It has been shown that the SHG conversion efficiency for Gaussian beams is a function of the Poynting vector walk-off angle between the fundamental and the second harmonic, p, and Ideffl2/n3, where deff is the effective nonlinearity and n is the refractive index.' 9 For plane waves in the limit of undepleted fundamental power, the conversion efficiency is proportional to idffI212/n3, where I is the length of the nonlinear crystal; but for finite diameter beams, both diffraction and double refraction limit the effective interaction length of the crystal. For nonzero Poynting vector walk-off little increase in conversion efficiency is possible for a crystal longer than the aperture length 10, which is equal to C/w/p, where w is the Gaussian beam radius. Thus for nonzero Poynting vector walk-off the conversion efficiency goes as IdeffI2la2/n3. For p = 0, the effective interaction length is limited by diffraction and is proportional to the confocal distance for the beam. The general case of SHG with Poynting vector walk-off and focusing into the SHG crystal taken into account has been treated by Boyd and Kleinman.1 9 Table 1 lists a summary of calculations for the Poynting vector walk-off angle p, 1a for w = 30 gim, relative conversion efficiency given by IdeffI2la2/n3 normalized to that of noncritically phase-matched KNbO 3 for which Ideffl2/n3 = 28.7 pm 2 /V 2 , and phasematching angles where 0 m is the angle of propagation relative to the z axis and q5n is the angle to the x-z plane. The references used to calculate these quantities are listed. All the calculations are for Type I SIIG. Noncritically phase-matched KNbO 3 has a high relative conversion efficiency, but the phase- matching temperature is 180'C. 2 5 One intriguing possibility is periodically poled LiNbO 3 . 24 , 2 6 , 27 The calculated deff is that for the optimum case, periodically poled using d 33 with flipped domains every coherence length. In practice, the lengths of these two crystals are limited by available crystal size and increasing loss for longer crystals. Thus the lengths of these two crystals were chosen to be 0.5 cm although their confocal distances for w = 30 gm are greater than 1 cm. Angle-tuned KNbO 3 , which reduces the phasematching temperature, also has a relatively large conversion efficiency. KTP, LiIO 3 , and fl-BaB 2 0 4 are poor choices for SHG of low-power sources because of their low deff and large p, which severely limits la.
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